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1.  INTRODUCTION. 


A  number  of  systems  utilize  transmitters  that  generate  wave-forms  that  sweep  in  frequency 
from  an  initial  value  to  a  final  value  in  a  “linear"  manner  during  some  time  period  ('l  l  and  then 
repeat  the  transmission  periodically.  Some  radio  altimeters  and  missile  radars  during  terminal 
guidance  arc  examples  of  such  systems  where  ultimate  performance  is  related  to  how  linear  the 
“linear”  sweep  really  is. 

Most  of  the  simple,  direct  ways  of  generating  these  linear  frequency-modulation  (FM) 
continuous  wave  (CW)  sweeps  produce  linearities  of  only  about  ±(  5-10)9}  (one  hundred  times 
the  ratio  of  maximum  frequency  deviation  from  the  ideal  linear  function  during T,  divided  by 
the  desired  frequency  change  < B )  during  T.  is  defined  as  percentage  linearity).  In  many 
applications  such  linearity  is  grossly  unacceptable  so  some  form  of  linearizer  is  usually 
employed. 

linearization  methods  basically  fall  into  two  categories:  open-loop,  and  closed-loop.  Open- 
loop  methods  can  produce  linearities  on  the  order  of  perhaps  ±0. 1% at  best,  while  closed-loop 
systems  can  yield  linearity  on  the  order  of  ±0.002%  1 1  ]  ^ 

This  report  describes  the  design  and  evaluation  of  a  closed-loop  linearizer  which  appears  to 
be  the  most  promising  approach  at  the  present  time.  The  design  is  applicable  to  a  transmitter 
at  35  GHz  that  generates  a  linear  sweep  of  I  GHz. 

2.  THE  CLOSED-LOOP  LINEARIZER. 

Several  different  forms  of  closed-loop  sweep  linearizcrs  are  possible.  The  various  systems 
have  been  described  in  an  earlier  report  1 1 1  and  are  not  compared  in  detail  here.  We  only  state 
that  the  closed-loop  system  that  seems  the  most  promising  from  the  standpoints  of  simplicity 
and  performance  is  the  implementation  shown  in  Figure  I. 

A.  THE  BASIC  LOOP. 

In  describing  the  operation  of  the  loop  of  Figure  I  let  it  first  be  assumed  that  the  voltage- 
controlled  oscillator  (VCO)  is  ideal.  That  is,  it  has  a  perfectly  linear  frequency-versus-voltage 
characteristic.  For  an  ideally  linear  sweep  command  voltage  the  ideal  VCO  output  frequency 
would  behave  with  time  as  shown  in  Figure  2  (solid  curve).  The  output  of  the  delay  line  in 
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Figure  /  will  have  an  instantaneous  frequency  versus  time  as  shown  dashed  in  Figure  2(a). 
(he  mixer  produces  a  signal  with  a  frequency  that  is  the  difference  of  the  frequencies  of  its  two 
inputs.  In  practical  systems  t,t  is  a  small  delay  relative  to  T  so  the  output  frequency  of  the  mixer 
is  as  shown  in  Figure  2(h)  where  eo,i=27rBt.i  1  with  B(Hz)  being  the  frequency  sweep  that 
occurs  in  time  period  I  ( seconds >1*  By  choosing  the  angular  frequency  of  the  reference 
oscillator  equal  to  <o,i  the  output  of  the  phase  detector  can  he  made  zero.  As  discussed  later, 
there  is  a  nonzero  output  due  to  unequal  phases  of  the  two  phase  detector  inputs,  but  this 
output  only  represents  a  quickly  corrected  transient  term  in  the  loop.  Thus,  when  the  VCO 
generates  an  ideal  linear  frequency  sweep  the  loop  feedback  signal  is  zero. 

In  all  practical  systems  the  VCO  is  not  ideal.  We  can  represent  the  nonidcal  sweep  by  an 
ideal  sweep  plus  an  error  component.  I.et  <«i  it)  represent  the  departure  of  the  actual  sweep 
instantaneous  angular  frequency  from  the  ideal  linear  value.  I.ater  analysis  will  show  that  the 
loop  now  generates  an  error  voltage  proportional  to  on  It)  that  can  be  used  to  reduce  toi  (t) 
and  improve  linearity  by  closed-loop  methods. 

B.  THE  PRACTICAL  LOOP. 

It  results  that  performance  of  the  linearizer  of  Figure  I  improves  as  both  closed-loop 
bandwidth  and  tj  increase.  However,  increasing  t.ican  ultimately  limit  the  useable  bandwidth. 
Since  many  systems  are  ultimately  designed  to  achieve  a  certain  closed-loop  bandwidth,  it 
becomes  necessary  to  select  t.ias  large  as  possible  consistent  with  its  bandwidth  constraint.  For 
example,  if  /3i(rad  s)  is  the  desired  closed-loop  linearizer  bandwidth,  it  can  be  shown  that 

td  ~  */2  eL  in 


is  necessary  for  good  loop  performance.  However,  selection  of  tj  to  satisfy  Equation  (1)  can 
lead  to  a  practical  problem  in  broadband  systems. 

Suppose  fi\  27t=I()'Hz  is  desired.  Then,  from  Equation  ( I ),  t,i<25ns.  which  is  reasonable. 
However,  note  that  this  value  of  t.i  corresponds  to  a  difference  frequency  out  of  the  mixer  in 
Figure  I  of 


*f  I  he  miser  output  frequency  is  actually  large  during  time  intervals  n  I '  l-  n  1  M ,.  n  II.  *  I,  +.2  ...  Host  ever,  these  components 
ure  short  in  duration  and  are  not  important  to  the  periormance  of  the  closed-loop  Wc  assume  ihcv  ha\e  been  remo\ed  in 
drawing  f  igure  2  t/*i 
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fd  =  Btd/T  =2.5  MHz, 


( 2 1 


if  we  assume  B=I.O(iHz  and  l=IO/us.  I  his  value  of  I,,  is  less  than  the  loop  bandwidth  and 
direet  leakage  through  a  practical  phase  detector  can  reduce  performance,  I  o  prevent  the 
leakage,  a  frequency  offset  I*  can  be  added  to  f,  by  using  the  circuit  of  Figure  J 

Practical  considerations  of  Figure  3  for  large  bandwidth  RF  sweeps  (order  of  B=IGHz) 
show  that  fi.  needs  to  beat  least  several  times  Bso  that  direct  leakage  through  mixer  I  does  not 
show  up  at  mixer  2.  I.arger  values  of  fi,  create  other  problems,  hirst,  the  phase  detector  must 
now  operate  at  very  high  frequency,  opening  up  the  possibility  of  phase  stability  problems. 
Second,  the  delay  becomes  harder  to  realize  at  lower  R f-  f  requencies  because,  as  f  i  increases.  B 
becomes  a  larger  fraction  of  allowable  standard  waveguide  bandwidth.  Finally,  unless  f;  is 
quite  large  relative  to  B.  the  filtering  of  undesired  mixer  I  products  is  difficult.  1  hese  problems 
can  all  be  relieved  by  using  the  circuit  of  Figure  4. 

By  using  an  offsetting  mixer  in  each  of  the  channels  feeding  mixer  3  the  difference  frequency 
tfrf.'l+fo  can  be  set  to  a  convenient  value,  the  delay  line  center  frequency  can  be  chosen  at  will 
(to  a  value  where  nondispersive  coaxial  line  delay  can  be  used  for  example),  and  both  f„-fi.  and 
f,i-f;  can  be  selected  so  that  mixing  products  of  mixers  I  and  2  can  readily  be  filtered.  The 
system  selected  for  construction  in  this  study  was  that  of  Figure  4. 


3.  PRACTICAL  LOOP  DESIGN. 

I  he  practical  design  of  the  system  of  Figure  4  amounts  to  selecting  a  closed-loop 
bandwidth,  selecting  frequencies  fi  and  L.  and  choosing  a  delay  time  t,t.  It  is  assumed  that 
specified  system  parameters  are: 


B=  1 .0  liHz 

I  =(10-100)  /us  variable 
lr, =35.0  GHz 


7 


Figure  3.  Modified  closed-loop  sweep  linearizer  using  one  offsetting 
local  oscillator. 


Figure  4.  Modified  closed-loop  sweep  linearizer  using  two  offsetting 
local  oscillators. 


A.  BANDWIDTH  SELECTION. 


One  of  the  most  severe  errors  for  which  the  loop  must  correct  is  a  slight  error  in  slope  of  the 
RE  sweep.  The  frequency  error  to  he  corrected  therefore  appears  as  shown  in  Figure  5.  We 
arbitrarily  select  loop  bandw  idth  f)\  2  n  equal  to  the  frequency  above  which  all  components  of 
frequency  in  the  function  of  Figure  5  have  a  total  of  less  than  0.6  c<  of  the  power  of  all  harmonic 
components. 


FREQUENCY  ERROR  f.  (t) 


By  expanding  fi(ti  into  its  Fourier  series  to  find  the  Fourier  series  coefficients,  and  using 
these  in  the  power  spectrum  Si(io)  of  li(t).  we  obtain:  |4.  p.  43 1 

(  B  2 

S  (<u)  =  2v  j  — ~  6  (ixi) 


B  ^  «= 


~  l  — i—  f  6  (to  -  nwT)  +  6  ( 

tt  n  =  l  n  L  1 


co  +  na)T) 


(3) 


where 


<o  =  2tt/T  . 


(4) 


The  total  power  in  the  frequency  interval  -Nuo^aisSNan.  where  N^l  isan  integer,  is  found  by 
integration 


Ncot 

ji ~f  V",d“ 

-No)t 


£  (l/n  ) 
n=l 


(51 
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The  term  Bi  4  is  the  dc  power  which  is  of  minor  importance  (represents  a  small  fixed 
frequency  error  for  the  loop  to  correct).  The  second  term  represents  ac  power.  It  is  known  1 5, 
p.  44-6 1  that 

s  1  _  it2 

2  "  6  '  (6) 

n=l  n 


so  Br  12  is  the  total  ac  power.  P.u,  in  t ■  ( t ) .  From  Equation  (5)  the  fractional  amount  of  ac 
power  outside  the  band  -N(uiSS<oSSN<oi  becomes 


Fractional  ac  ) 
power  outside 
-NruiSj(u^Ntoi  i 


A  ^  .  6  “  ,1,2 
=  F  =  1  -  -  E  (H)  . 

7T  n=l 


I  he  sum  is  related  to  the  polygamma  function  $'<■)  of  order  one  which  is  [6.  p.  260], 


Y  ' (N+l)  = 


-  I  (~) 

i  n 

n=l 


Y  ’  (N  +  1) 


it'4  (N+l) 


,  N  »  1. 


where  t//(N  +  li=l  (N  +  l  (for  N»l  (6.  p.  260 1.  Fora  fractional  ac  power  F^0.006 (0.6^)  we 
require  NS*  100  from  Equation  (9).  Loop  bandwidth  becomes 


BL/  2 tt  =  N/T  =  100/  [io-5]  = 


10MHz 


for  I  =  I  Ops  (worst  case). 


B.  SF.l.ECTION  OF  f,  AND  f:. 


Assume  (fi-f;)»f,i.  The  difference  between  fi  and  f>  can  first  be  found  by  considering  the 
phase  detector  in  /'inure  4.  If  a  filter  is  to  remove  the  direct  leakage  at  frequency  (fi-f;M/Ji  2rr) 
then,  assuming  low  pass  filter  bandwidth  of  1/ii  2n  fseveral  times  p\  2n,)  we  require 


(fj-f2>  "  (Sl/2tt) 

3gL/2ir 


>  M  or  ( f 2  —  f 2 ^  (3M+1)/2it  (II) 


•  ’a.'r  >"• 


II 


where  M  is  a  constant  related  to  the  number  of  poles  in  the  tiller,  lor  a  Butterworth  filter 
attenuation  is  related  to  M  in  f  igure  6.  It  is  actually  the  ratio  of  the  lowest  frequency  we  wish 
to  eliminate,  which  is  (fi-f-H/fi  2 77- 1.  to  the  hand  width  3/fi  2tt  of  the  low-pass  filter. 

In  a  phase  detector  (Hewlett-Packard  I05I4A.  for  example)  leakage  can  be  about  bdB 
below  the  output  signal.  If  over  -XOdB  is  an  acceptable  leakage  level  and  the  loop  filter  is 
assumed  to  give  as  much  attenuation  as  the  low-pass  filter  (it  typically  will  give  more)  and  is 
assumed  to  have  at  least  two  poles,  then  we  require  M=l<.5  from  Figure  6.  Thus. 

(fl~f2)  >  107  (25.5  +  1}  =  265  MHz.  02) 


A  value  (fi-l.-i  =  A()()  M 11/  was  chosen. 
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l  eakages  through  mixer  .f  are  not  expected  to  affect  loop  performance  appreciably. 
However,  fi  can  be  selected  to  allow  for  filtration,  if  needed.  If  the  lowest  frequency  of  the 
leakage,  w  Inch  is  l,,-li-(  If  2).  is  to  be  attenuated  over  60dlf  by  a  three-pole  band-pass  filter  at 
fOOMII/  with  a  hall-bandwidth  of  60MH/  then  fi<.0.6(ill/  A  value  of  fi'O.5  (ill/  was 
selected  in  the  system.  Since  fi -I  (I  f  (iff/,  then  f.=.f  f.2  (iH/. 

C.  SI  I.I  C MON  OF  1)1  I  AY  TIME. 

I- or  good  loop  performance  liquation  ( 1 )  must  be  satisfied  so  t.Ail  j4(  |()7)|=25  ns.  Ordinaril 
t.i=25ns  would  be  selected.  However,  in  the  present  system  I'  is  variable  and  practical 
considerations  lead  to  another  value. 

lo  make  the  system  independent  ol  variations  in  I  we  note  that 

fa  -  Btd/T  .  "  'I 

Now  it  I,,  (which  varies  in  the  system  because  I  varies)  is  made  a  multiple  N  of  I  I.  then 
fd  =  N/T  .  (14) 

On  equating  liquation  <  If)  and  I  quation  ( 14)  we  have 

td  =  N/,B  =  N  ns>  (15) 

from  practical  considerations  V- 16  is  the  largest  binary  value  of  \  for  which  t,|C?25ns. 

I)  SYSTEM  BLOCK  1)1  A(iR AM. 

l  7  is  the  block  diagram  of  a  system  having  the  characteristics  described  above.  Part  of 
the  block  diagram  is  a  local  oscillator  generator  that  generates  the  necessary  frequencies 
I, -.YV5  (ill/.  I  .0.2  (ill/, I  MO  Mil/  f  16  Ik.  Ik  =  I  I  .  f=(  lO-IOO^s. 

4.  LOOP  PERFORMANCE. 

In  this  section  the  performance  of  the  closed  loop  system  of  Figure  7  is  discussed.  Only  the 
most  important  performance  measures  tire  considered.  First,  the  affects  of  phase  instabilities 
in  the  local  oscillator  generator  arc  developed  followed  by  a  detailed  developments  of  a 


l.f 


Figure  7.  System  block  diagram. 


linearized  model  lor  the  loop,  Finally.  the  transient  and  error  linearization  performance  arc 
developed. 

A.  LOCAL  OSCILLATOR  GENERATOR  INSTABILITIES. 

Consider  the  affects  of  slowly  varying  phase  instabilities  V>,,  ft#?,  and  8<f>,rl  that  occur, 
respectively,  on  the  outputs  in  Figure  7  (b)  that  hav"  frequencies  fi.  f>,  and  fIC|.  By  slowly 
v  ary  ing  we  mean  the  instabilities  may  be  taken  as  aporoximatcly  constant  during  any  interv  al 
of  duration  I .  Instability  i  enters  directly  into  i  a  nain  it  .vp  of  (a)  and  results  in  the  phase 
8(b i  at  the  phase  detector  input. 

Next,  consider  finding  <5d>;.  At  the  output  of  mixer  5  in  Figure  7(b)  the  instability  is  6<j>t-8<f>:. 
If  denotes  the  phase  instability  of  oscillator  >.  the  phase  detector  produces  a  voltage 
proportional  to  the  VCO  loop  phase  error,  denoted  by  6E:,  given  by  6E:=6d>i-6d>;-6</o. 

Thus. 

6 4> ^  =  S<f>^  ”  ^^3  ”  *  (lb) 

By  use  of  Equation!  16)  the  phase  instability  at  the  output  of  mixer  5  becomes  6d>,+6E;.  This 
same  instability  is  applied  to  the  phase-locked  loop  (PIT.)  that  generates  frequency  fro  having 
phase  instability  If  SF  ,  denotes  the  amount  that  6d>, ti  differs  from  its  input  command 
5<t>\+8E?  then 

6<*ref  =  6<i)3  +  (5E2  +  6e1  ’  (17) 

In  Figure  7(a)  the  instability  8d>;  of  Equation  (16)  propagates  to  the  input  of  the  phase 
detector  as  -8<b:=  -6d>i+6</>i+6E:.  The  total  phase  instability  at  the  phase  detector  input 
becomes  6d>i-6d>:=6d>i+SF.2.  The  loop  phase  detector  generates  a  voltage  proportional  to  the 
difference  in  phase  between  its  two  inputs.  Its  difference  phase  due  to  local  oscillator 
instabilities  becomes  (5dh+6E:)-6</>,c[=  -6E|  when  Equation  (17)  is  used. 

From  the  foregoing  discussion  it  is  clear  that  all  phase  instabilities  of  the  local  oscillator 
generator  in  Figure  7  (b)  cancel  in  the  main  loop  except  that  of  the  PIT.  tracking  error.  It  is 
therefore  important  that  the  PIT.  static  error  be  small  through  design.  These  conclusions 
neglect  any  errors  in  oscillator  2.  Consider  its  affect  next. 

Suppose  in  a  given  sweep  interval  fR  is  slightly  different  than  desired  by  an  amount  SfR. 
From  Equation  (13)  the  change  in  the  difference  frequency  fi  at  the  input  to  the  loop  phase 


detector  is  6tll=Btli5fi<.  But  from  Equation  ( 15)  6fd=N5fK  where  N=I6.  Since  the  frequency 
change  on  f,ci  of  Figure  7  is  similarly  6fri(=N6fK=l66fR  there  is  no  net  error  at  the  loop  phase 
detector  output.  This  evaluation  only  verifies  that  our  previous  selection  of  delay  tj  to  make 
the  system  independent  of  the  actual  value  of  fK  was  correct. 

B.  LINEARIZED  I  OOP  MODEL. 

From  the  standpoint  of  anayli/ing  the  transient  and  static  behavior  of  the  system  of  Figure  7 
the  frequency  shifting  circuitry  can  be  neglected  and  analysis  can  center  on  the  system  of 
Figure  /.  Define  K\  (rad  s  per  volt)  as  the  desired  “gain”of  the  VCO.  K|>(V  rad)  as  the  “gain” 
of  the  phase  detector  and  Kti  (V  V')  as  the  dc  gain  of  the  loop  filter  that  has  a  voltage  transfer 
function  H(s). 

Consider  the  system  first  in  an  open-loop  condition  obtained  by  opening  the  line  at  the  loop 
filter’s  output.  Ideally  the  VCO  should  produce  a  frequency  sweep  of  B(  H?)  in  a  time  interval 
J(s).  The  required  sweep  command  therefore  is 


vr  (t) 


0  <  t  <  T  . 


(18) 


Such  a  command  would  ideally  generate  a  VCO  output  angular  frequency  of  co,+(27rB  T)t, 
0<t<T  where  to  is  the  initial  angular  frequency  at  t=0.  However,  the  VCO  is  not  perfectly 
linear  and  an  error  term  occurs  that  we  denote  by  <oi(t).  The  actual  VCO  angular  frequency 
becomes  to\(  .>(t)  =  o>,+  (2ttB  T)t  +toi  (t).  Since  phase  is  the  time  integral  of  angular  frequency, 
the  phase  of  the  actual  VCO  output,  denoted  d>\(  <>(t).  is 

*vco(t>  -f  “vco  <«>  « 

—  00 

=  to.  t  +  (trB/T)  t2  +  e  +  f  U)F(C)  d£, 

i  v  iTcc 


where  0\  is  a  phase  constant  of  integration  representing  the  phase  of  the  VCO  at  time  t=0. 

At  the  loop  mixer  the  phase  of  one  input  is  given  by  (19)  while  the  other  is  a>,( t-tj) 
+  ( 7rB'T)(t-td):f  flx  +S'Jd  w  df. 
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♦  IF(t)  =  jV^-ftrB/T)  td2]+  (2ttB  td/T)  t 


+  /  wk(5)  dC  ,  <20) 

t_td 

which  is  the  difference  in  input  phases.  The  quantity  (27rBt,i  T)  is  the  difference  angular 
frequency  to,i  caused  by  the  delay  U  It  is  the  angular  frequency  of  the  reference  signal.  Let 

4,ref(t)  =  wdfc  +  Bref  <21' 

be  the  phase  of  the  reference  signal  where  fl,ct  is  a  constant.  The  phase  detector  output  will  be 
proportional  to  the  sine  of  the  difference  phase  4>,M)  -  d>n(t).  in  general.  However,  if  the 
difference  phase  is  small,  which  amounts  to  linearizing  the  loop,  then 


V11  -  kd  j[8ref  -  “A  +  <™‘d2/T>] 

t 

f  <*>KU)  dC  J  . 


Now  even  though  6„,  can  be  made  the  same  from  sweep-to-sweep  |  See  Equation  (I4)\  there  is 
no  control  of  <o,  and  T  can  change  from  sweep-to-sweep. 

Therefore 


0  =  0  ,  -  w.t,  +  (TrBt,  /T)  (23) 

!•:  ref  id  d 

represents  a  constant  (in  one  sweep  period)  phase  error  that  the  loop  must  null  out  on  every 
sweep. 

In  general.  0i  may  initially  be  large  enough  so  that  the  linearized  F.quation  (22)  does  not 
hold.  However,  once  the  loop  has  nulled  the  large  error,  it  is  reasonable  to  expect  that  over  a 
number  of  sweeps  oj,  and  I  I'  will  not  change  so  rapidly  that  Fquation  (22)  will  not  hold.  We 
shall  therefore  assume  in  the  following  work  that  0i  is  a  small  phase  error. 

It  is  to  be  noted  that  F.quation  (22)  results  even  if  the  ideal  linear  sweep  of  the  VC'O  is 
removed.  In  other  words,  with  respect  to  loop  correction  of  errors  iui  (t),  we  can  let  v,  in  Figure 
I  be  zero.  With  this  and  earlier  considerations  in  mind,  the  equivalent  loop  of  Figure  S  can  be 


IK 
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where  Kn  and  t0  are  constants,  the  loop  is  approximately  type  I  il  lT0sl»ilor  most 
frequencies  of  interest.  In  other  words.  H(s)=»Kn  t^s.  an  integrator.  I  his  f  orm  of  loop  is  stable 
and  capable  of  higher  loop  gains  than  is  tvpeO  but  not  as  high  as  a  type  II  loop,  lor  the  same 
bandw  idth. 

An  approximately  type  II  loop  results  when  H(s)  has  the  form 

K,  (1  +  T0s)  (28) 

H  ( s)  =  - - -  , 

(1  +  T  o  S )  (1  + 

where  t0>Ti>T.  are  constants.  This  form  of  filter  has  been  assumed  in  following  work.  It 
provides  high  loop  gain  with  good  stability  if  properly  compensated  (choice  of  r,  and  T:). 

I).  TRANSIENT  PERFORMANCE. 


Ry  substitution  of  Equation  (28)  in  Equation  (26)  and  considering  only  the  term  involving 
frequency  error  toi(s)  we  have 


w  ( s)  — 
vco '  ' 


WF(S)  [l+(T0+Ti)  S  +  T0T1  S2] 


S  +  T  qT  - 
(1+K)  +  (to+t^+Kt2)s+tct1s'1 


(29) 


where 


X  -  VWd 


(.101 


Now  the  transient  behavior  of  the  corrected  error  |  inverse  L  aplace  transform  of  Equation 
( 29 )  |  depends  on  the  choice  of  loop  parameters  K.t0.  T  i,  and  r>.  lf^0  is  defined  asthe  angular 
frequency  where  the  open-loop  gain  of  the  system  is  unity  (OdB),  then  a  reasonable  and 
somewhat  conservative  (with  respect  to  gain  and  phase  margins)  design  is  defined  in  Figure  9 
where 


=  1000  V lo" 

(31) 

=  100  y[\o  /e 

(32) 

=  100/B 

(33) 

0 

,  =  10  /  e0 

(34) 
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10  (103> 


loop  gain. 


k 


and  p0  =  2 rr(  10  I  rad  s  in  the  system.  With  these  parameters  liquation  (20)  has  the  form 


w  ( s) 
vco 


UK(S)[Val  S  +  g2] 


(s  +  a)  (s  +  J) 


w  here 


„  =  -  T1— -  =  10  5  Vio"  8n2  2  3.162  3  ( 1 0~ 5  ) 

«  l  A  l  1 


O  1 


0 

-3 


(35) 


(36) 


3  =  (t0+t1)  /t()t1  =  io~3  (io+ VTo)  b0  :  0.01316  b0  (37) 


a  = 


to+t1  +  Kt2 


2tot1 


14 /1-  4(l*K) 

"  (To+Tl  +  K  T 


T  = 


0.9023  Bq 


To  »  T1  +  KT: 


0.1109  B0 


(38) 


4  (1+K)  T0r1 

(To+Tl+  KT2) 


(39) 


•  Step  of  l.rror 


II  a  step  At»  of  frequency  error  is  to  be  corrected  by  the  loop,  then  toils)  =  Aw  s  and 


U)  (s) 
vco 

Aw 


aQ  +  a1  s  +  s 
s  ( s  +  a)  (s  +7) 


(40) 


I  he  imerse  I  aplaee  transform  of  l:q  uution  (40)  is  known.  After  substitution  of  liquations  (36) 
through (39)  we  have 

—  2  3. 16  (10-4)  +  1.12  e_0'96ot 


-  0.124  e~° • 11B0t  ,  t>0  . 


(41) 
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lor  practical  values  ol  A<u  the  constant  term  is  negligible.  I  he  first  transient  term  in  Equation 
(41 )  quickie  dies  out  and  equals  the  second  term  at  t  =  2.79  fi„.  Thereafter  the  second  term 
dominates. 


A  step  is  important  in  the  system  because  the  VC'O  may  not  icturn  to  the  same  initial 
frequency  from  sweep-to-sweep  due  to  VC'O  instability  and  to  errors  in  the  initial  sweep 
voltage  on  the  VC'O.  Suppose  the  VC'O  ramps  1000  MM/  with  25V  of  sweep.  Then  an  initial 
sweep  voltage  error  of  only  !'<  can  cause  10  MM/  of  initial  frequency  error.  From  liquation 
(41 1  it  will  take  approximately  t  -  23  /?,,=  0.37/is  for  the  error  to  be  reduced  to  0.0  MV  of  the 
sweep  ol  1000  MU/.  In  the  case  where  I  =  10/as  this  is  transient  or  recovery  interval  is  3.7' 7  ol 
the  sweep  period.  Because  of  these  facts,  tight  control  of  the  initial  sweep  frequency  may  be 
necessary . 

It  should  be  noted  that  a  fixed  frequency  error  in  the  sweep  shows  up  in  the  loop  as  a 
constant  phase  error  Atot.i  arising  from  the  term  Ki><o,t.i  in  liquation  (23).  Thus,  the  above 
consideration  of  a  step  of  error  has  actually  done  the  equivalent  of  evaluating  the  phase  error 
term  0t  of  liquation  (23).  To  see  this  fact,  observe  thht  0,  in  Figure H  can  be  moved  up  to  the 
summing  point  with  o>\  (t)  by  allowing  another  (constant)  frequency  error  of  0\  t.i  ( rad  s).  For 
the  above  Atu  2n-  of  10  M 11/  we  have  f)  i  =  2n-(  10  )t,i  =  0.32  n  rad  or  57.6  degrees  of  phase  error. 
Thus.  ±10  M  H/  of  initial  sweep  frequency  error  is  equivalent  to  ±57.6  degrees  of  phase  error 
0i  tor  the  loop  to  remove. 


Ramp  of  Frror 


II  a  ramp  ol  frequency  error  with  slope  Ak  ( rad  s  per  second)  is  to  be  corrected,  liquation 
1 35)  becomes 


wvco  (s) 


Ak  (ay+a^^  s  +  s  ) 


(42) 


s  (s  +  a)  ( s  +  7) 
which  has  the  inverse  Faplacc  transform 
(t) 


vco 


Ak 


0. 129 

^  A 


+  0. 000316t 


1^25  e-0.960t  +  1^1  e-0.1160t  >t>0  . 


(43) 
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Even  lor  relatively  large  sweep  slope  errors  (_\k  ('I  ±5 *7  of  the  l(XM)  MH/  in  10  /as  for 
example)  the  residual  constant  error  term  in  equation  (43 )  is  small  (about  ±0.001*  /  of  the  I  (MM) 
Mil/  sweep).  The  two  combined  exponential  terms  for  the  same  Ak  do  not  exceed  ±0.005 7' 7 
of  the  1000  M  11/  sweep  ( the  maximum  occurs  at  t  =3  (i,)  and  are  less  than  ±0.00 1 '7  after  t  = 
20  /}„  =  0. 1 6  /as.  These  values  indicate  the  systems  can  tolerate  main  sw  eep  slope  errors  as  large 
as  about  ±5*7. 

I  he  term  of  Equation  (43 1  that  is  linear  in  t  is  a  cumulative  error,  l  or  the  worst  case  (t=T) 
the  maximum  error  ±3. 16t  10  J)AkT  is  less  than  ±0.001*7  ol  the  1000  MH/  sweep  if 
Ak<±27r(3. 16)(  10  )  1  rad  s  per  second.  This  is  about  ±3.2*7  of  the  worst-case  (smallest) 
system  sweep  slope.  When  these  results  are  combined  w  ith  those  of  the  preceding  paragraph, 
we  see  that  system  sweep  slope  errors  of  about  ±3.2*7  can  be  loop  compensated  for  any  of  the 
sweep  period  from  10/us  to  100  /is. 

•  Sinusoidal  Error 


Examination  of  the  nonlinear  frequency  errors  of  a  typical  (iunn  device  VC'0 1 1.  Figure  5| 
shows  them  to  be  approximately  sinusoidal  with  about  one  cycle  of  error  during  each  sweep. 
By  assuming  a  sinusoidal  error  A<osin(/3t).  where  Aw  is  the  peak  error  in  angular  frequency  in 
the  sweep  and  j3  is  the  angular  frequency  of  the  error.  Equation  (35)  becomes 


0)  (s) 

vco  ' 


2 

8Au)  (ag+a^  s  +  s  ) 
(s2+g2)  v  s  +  a  )  (  s  +  7) 


(44) 


I  he  inverse  Laplace  transform  of  Equation  (44)  is  known,  and.  in  terms  of  our  loop  design, 
reduces  to 


°Vco(t) 


D  -0.96  t  ,  _  -0. 16„t 

A  a)  ~  R1  e  0  +  R2  e  o 


+  R,  sin  (6t  +  ¥)  t>0 

J  9  I 


(45) 


where  it/  is  an  unimportant  phase  angle  to  the  present  discussion  and 


R1  ~  -101.4  x 

8141.0+  x2 


(46) 


(47) 


R2  ;  h.  3?X _ 

123.0  +  x2 

R  ;  j  (0.32  -  x2)  2  +  1.73  x2  \H 

3  "  l  (8141.0  +  x2)  (123.0  +  x2)  ) 


(48) 


X  =  100  8/8  Q 


(49) 


1  he  worst  ease  of  these  errors  occurs  lor  the  fastest  sweep  where  one  cycle  of  error  per  sweep 
corresponds  to  \=  I .  In  this  case  R  i  =-0.0 125.  R  :=().()  I  I  and  R  >=0.0015.  R>  is  the  residual  peak 
error  alter  loop  correction.  II  this  error  is  to  he  within  ±0.00 1'/  of  the  sweep,  then  for  one  cycle 
of  error  per  sweep.  A<u<27r(  10 ')B  R <=2^(6.67)10''.  which  shows  that  a  sweep  peak 
nonlinearity  of  6.67  MH/  or  0.67',  of  If  can  he  allowed.  Of  course,  larger  initial  sweep 
nonlinearities  are  possible  but  residual  error  will  be  larger  than  ±0.001*7  of  B. 

For  distortions  of  several  periods  per  sweep  ( l<x).  liquations  (46)  through  (48)  all  increase 
proportional  to  \  for  l<x<II0  Thus,  the  residual  errors  tend  to  increase  as  well  fora  fixed  A<u. 
However,  the  Fourier  series  expansion  of  an  arbitrary  nonlinearity  coi(t)  nearly  always 
produces  harmonics  that  decrease  in  amplitude  at  least  as  fast  as  I  n.  This  means  that  Acu  for 
higher  harmonics  is  expected  to  decrease  about  as  fast  as  Ri.  R;,  and  R<  increase  in  magnitude. 
The  final  conclusion  is  that  no  one  harmonic  component  of  ua(t)  is  expected  to  produce 
residual  errors  larger  than  the  fundamental  for  x  =  F 

When  the  sum  of  the  two  exponential  terms  in  Equation  (45)  is  considered,  it  is  found  that 
the  largest  magnitude  of  error  for  x=l  occurs  w  hen  t  =  2.9  /},,=(). 046/js.  I  he  maximum  value 
of  residual  error  in  <«u(,(t)  due  to  these  terms  is  7.3(  10  ')A<o.  For  this  error  to  he  less  than 
0.001*7  of  B  we  require  1 .37)10''  or  a  maximum  uncorrected  sweep  error  of  1 .37  MH/ 

(0.137*7  of  B).  Such  a  requirement  is  not  likely  to  be  true:  therefore,  the  transient  terms  ol 
liquation  (45)  are  the  dominant  terms  in  the  system.  Fortunately,  these  terms  die  out  rapidly 
with  time,  (  heir  sum  becomes  less  than  the  sinusoidal  term's  residual  error  ( for  the  same  A<«l 
when  t  >20  /J,=0.32/us  and  therefore  occur  over  only  3.2*,'  ol  the  period  of  the  fastest  sweep 
and  0.32*7  of  the  slowest  sweep  period. 

l  o  gain  some  overall  insight  into  the  linearity  capability  of  the  system  figure  10  has  been 
constructed  based  on  preceding  analyses  and  assuming  sweep  initial  frequency  error  of  I  *7  of 
B.  an  error  of  5*7  of  B  in  the  sweep's  slope,  a  peak  sinusoidal  error  of  1*7  of  B.  and  theshoi  test 
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after  compensation 


t,me  during  shortest  sweep  period 
Figure  10.  System  linearity  error. 


sweep  period  of  lOjus.  At  the  start  of  the  sweep  linearity  is  only  as  good  as  initial  frequency 
errors  allow .  These  errors  do  not  become  negligible  until  about  6.4'V  of  J  after  the  sweep  starts 
Thereafter,  errors  are  due  mainly  to  slope  errors  and  sinusoidal  errors.  Ramp  and  sinusoidal 
errors  are  roughly  equal  in  the  time  period  shortly  after  6.4';  of  I.  Near  the  end  of  the  sweep 
the  sinusoidal  error  is  about  40'  ,'  of  the  total  error.  It  is  clear  that  initial  frequency  and  slope 
errors  are  important,  for  comparison,  the  errors  due  to  sinusoidal  nonlinarity  are  shown 
dashed. 

5.  SUMMARY.  DISCUSSION  AND  CONCLUSIONS. 

At  the  present  state-of-the-art.  closed  loop  methods  are  capable  of  the  best  linearity  in 
generating  linear  f’M-C'W  sweeps.  Figure  I  illustrates  about  the  best  closed-loop  system 
know  n  at  this  time.  Based  on  various  practical  design  considerations,  the  system  conceptually 
embodied  in  Figure  /  is  best  implemented  in  the  form  of  Figure  4.  The  overall  loop  behaves 
approximately  as  an  automatic  frequency  control  (AfC'l  loop. 

This  report  has  described  various  procedures  necessary  in  the  design  of  loops  like  that  of 
Figure  4.  Although  numerical  values  have  resulted  from  a  desire  to  have  a  1000  M  H/  sweep 
occur  during  a  period  I  that  is  variable  from  l()#is  to  l()()/us.  the  sweep  being  centered  at  35 
(ill/,  most  of  the  procedures  apply  to  any  design. 

I  he  first  design  step  is  to  choose  the  sweep  period  I  (the  minimum  value  if  T  is  variable). 
C  losed-loop  handw idth  ft,  ( rad  s)  should  then  be  chosen  as  large  as  possible  to  minimize  the 
sweep  time  during  which  transient  terms  occur.  Other  bandwidth  selection  criteria  were  also 
given  in  the  text.  Present  limits  in  the  art  for  medium  design  difficulties  appears  to  be  about 
ft,  27t=  10  Mil/,  which  was  chosen  in  the  present  system.  At  any  rate.  ft,  2^100  T  should 
be  chosen.  With  this  choice  the  transient  interval  is  about  6.4'V  of  f. 

The  next  design  step  is  to  select  loop  delay  t.i  according  to  t,,<^7r  2ft, .  This  choice  w  ill  allow  a 
loop  having  a  phase  margin  of  at  least  39  degrees  and  gain  margin  of  about  8  dB.  The  present 
system  uses  a  delay  t,,==  1 6jus< zr  2ft,  =25ns  because  of  practical  considerations  concerning  the 
need  for  the  system  to  operate  over  a  decade  range  of  1 ;  its  gain  and  phase  margins  are  about 
1 3d  B  and  56  degrees,  respectively.  I  hese  system  values  assume  loop  delay  is  small  in  relation 
to  tj.  If  delay  is  not  small  w  hen  the  loop  is  constructed,  it  may  be  necessary  to  lower  the  loop 
bandwidth  ft,  slightly  to  compensate  for  phase  shifts  introduced  by  the  added  delay. 

Figure  9  illustrates  a  good  choice  of  an  open-loop  transfer  function  where  ft,,  is  an  arbitrary 
unity-gain  angular  frequency  and  ft,, -l  t.i.  Because  ft „  will  approximately  equal  (but  will  be 
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slightly  smaller  than)  fa  one  can  design  for  any  particular  application  once  fa  has  been 
selected.  Analysis  ol  the  closed-loop  sweep  linearization  capability  of  the  design  leads  to 
lifiitrc  H>  which  gives  the  percentage  (of  the  .weep  of  B  Hz)  residual  unconccted  sweep 
I  resiliency  errors  as  a  function  ol  time  through  the  sweep  period  I .  The  data  apply  to  a  system 
w  ith  up  to  I '  i  (ol  B)  initial  I  resiliency  error  (at  the  start  of  the  sweep),  up  to  5  ri  sweep  slope 
error,  and  a  sinusoidal  open-loop  VCO  nonlinearity  of  I '7  (of  B).  The  results  show  a  linearity 
error  of  about  *0.004' ,  (ol  B)  or  less  over  43.6'  <  of  the  sweep  period.  Linearity  error  is  as  large 

as  *  I' ,  during  the  initial  h.4'V  ol  the  sweep  because  ol  transients  that  occur  while  the  loop  is 
dynamically  reducing  open-loop  errors  to  the  steady-state  closed-loop  levels. 

In  summary  .this  report  describes  the  design  of  a  closed-loop  system  theoretically  capable  ol 
improving  the  linearity  ol  a  "linear"  LM-CW  sweep  from  about  ±l'<  linearity  to  about 
to. 004' i  linearity.  I  he  reported  effort  is  a  continuation  ol  an  earlier  study  1 1 1  to  determine 
basic  linearization  concepts.  I  he  next  logical  extension  of  this  work  is  the  construction  of  a 
prototype  system  for  evaluation.  Ffforts  are  being  made  in  this  direction  at  this  time  and  it  is 
hoped  that  results  of  evaluation  will  soon  be  available. 
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